Introduction
============

An anterior cruciate ligament (ACL) injury is the most common sports-related knee injury, with an annual incidence of 8.1 per 100,000 in the United States[@b1-ksrr-30-128]. Studies on anterior cruciate ligament reconstruction (ACLR) have revealed that instability can recur following non-anatomical ACLR[@b2-ksrr-30-128], and that anatomical ACLR leads to more successful clinical outcomes[@b3-ksrr-30-128]--[@b11-ksrr-30-128]. However, many questions remain regarding the femoral footprint of the ACL, and the appropriate location of the anatomical tunnel for anatomical ACLR remains controversial. Certain methods can be used for an accurate evaluation of the ACL footprint. One of the most popular methods is the quadrant method, introduced by Bernard et al.[@b12-ksrr-30-128]. In this method, grid placement on the lateral wall of the femoral intercondylar notch is determined using Blumensaat's line. Blumensaat's line is a line that corresponds to the roof of the intercondylar fossa of the femur, as seen on a lateral radiograph of the knee. Bernard et al.[@b12-ksrr-30-128] defined Blumensaat's line as a straight line. Anatomical studies on the ACL have suggested that the bony femoral ACL insertion is in the shape of a crescent, and that the resident's ridge (lateral intercondylar ridge) and posterior cartilage of the lateral femoral condyle serve as the anterior and posterior margins of the ACL femoral footprint, respectively[@b13-ksrr-30-128]--[@b17-ksrr-30-128]. In addition, it has been suggested that the ACL femoral footprint varies in shape, and can be circular, elliptical, kidney-shaped, trapezoidal, ovoid, and triangular[@b18-ksrr-30-128]. In a 2012 systematic review of the literature on the ACL femoral footprint, Piefer et al.[@b19-ksrr-30-128] reported that the mean center of the ACL footprint was at 28.5%×35.2% using the quadrant method[@b12-ksrr-30-128]. While this observation is an important standard for anatomical single-bundle ACLR, most studies have been performed on Westerners, with very few focusing on Koreans. Thus, we conducted a cadaveric study in Koreans to determine clear anatomical reference points for the ACL femoral footprint, which can be used for designing the femoral tunnel during anatomical single-bundle ACLR. For this purpose, we assessed the shape and location of the ACL femoral footprint and its relationships with other bony landmarks.

Materials and Methods
=====================

Eighteen embalmed knees from 21 human cadavers, used in an anatomy course for medical students, were studied. Cadavers with a history of knee surgery or trauma were excluded. Cadavers were fixed in 5% formaldehyde. Only a single knee was used for dissection from each pair of cadaveric knees. The 18 knees studied were from 10 females and 8 males. The mean age was 70 years and ranged from 55 to 86 years. Nine right knees and nine left knees were used. All dissections and markings were performed by one senior author (YBJ).

1. Cadaveric Dissection
-----------------------

After removing nearby soft tissues and surrounding structures, the knee joint was isolated by cutting the femur and tibia at 20 cm above and below the joint using an oscillating saw. After removing soft tissues except for the ACL, the shape of the ACL was observed. Subsequently, the ACL was excised from its tibial insertion. Using an oscillating saw, the dissection was made 1--2 mm medially from the highest point of the anterior outlet of the intercondylar notch to reveal the femur lateral wall, which was recognized as the femoral insertion site of the ACL. Good visualization of the ACL bundle at the lateral femoral condyle was confirmed ([Fig. 1](#f1-ksrr-30-128){ref-type="fig"}).

2. Evaluation of the ACL Footprint in Relation to Bony Landmarks
----------------------------------------------------------------

The specimens were assessed macroscopically to determine the overall positional relation of the ACL insertion to Blumensaat's line, the posterior femoral cortex, and the cartilage of the lateral femoral condyle ([Fig. 2](#f2-ksrr-30-128){ref-type="fig"}).

Anteromedial (AM) and posterolateral (PL) bundles of the ACL are usually identified by differences in tension patterns during knee range of motion. However, in our study, the ACL was observed as a slightly flat single bundle, and it was difficult to distinguish AM and PL bundles. Therefore, we regarded the ACL as a single bundle. The ACL femoral footprint was defined and cut from the femur, and the center point was visually defined and marked with a 1.6 mm Kirschner wire. Next, the length and width of the ACL were measured. The width of the ACL was taken as the length of its widest part. Next, radiological films were obtained using a C-arm intensifier. The center of the ACL femoral footprint was identified on the C-arm image using the quadrant method. Based on the quadrant method, it was aligned with the line connecting the anterior and posterior points of the cartilage of the lateral femoral condyle, and the length was measured. The location was quantified with reference to the intersection of the line connecting the anterior and posterior points of the cartilage of the lateral femoral condyle cartilage and posterior femoral cortex line. The position of the ACL femoral footprint was defined as a percentage ratio of the sagittal diameter of the lateral condyle measured along Blumensaat's line[@b12-ksrr-30-128] ([Fig. 3](#f3-ksrr-30-128){ref-type="fig"}).

Results
=======

Macroscopically, the ACL was observed as a slightly flat single bundle, and the AM and PL bundles were not clearly distinguishable. The average length of the ACL was 34 mm (range, 26 to 36 mm) and the average thickness was 9 mm (range, 6 to 15 mm). In the radiographic evaluation, the center of the femoral ACL footprint was placed at 29.5%±2.8% in an anterior direction (from posterior) and at 38.5%±3.2% in a distal direction (from Blumensaat's line) ([Table 1](#t1-ksrr-30-128){ref-type="table"}, [Fig. 3](#f3-ksrr-30-128){ref-type="fig"}). The anterior margin of the femoral footprint of the ACL matched the resident's ridge. Blumensaat's line formed the roof of the femoral footprint of the ACL. The posterior margin matched the cartilage margin of the lateral femoral condyle.

Discussion
==========

The placement of the femoral tunnel using the femoral ACL footprint is a decisive factor in the outcome of anatomical single-bundle ACLR. Multiple studies have reported that more vertical femoral tunnels are associated with rotatory instability, and nonanatomical tunnel placement is associated with pain and instability[@b20-ksrr-30-128],[@b21-ksrr-30-128].

Bernard et al.[@b12-ksrr-30-128] utilized the quadrant method to evaluate the position of the ACL femoral footprint using a lateral radiograph, and reported that the center of the ACL femoral footprint was 24.8% in the percentage of a/t (distance of the center of the ACL footprint from the deepest subchondral contour/total sagittal distance of the lateral femoral condyle along Blumensaat's line) and 28.5% in the percentage of b/h (distance of the center of the ACL footprint from Blumensaat's line/intercondylar notch height) ([Fig. 3](#f3-ksrr-30-128){ref-type="fig"}). Piefer et al.[@b19-ksrr-30-128] published a systematic review on the center of the ACL footprint. They calculated the mean anatomic centrum, defined as a point equidistant between the AM and PM bundle, by use of the following formula: \[(AM bundle parallel to Blumensaat's line+PL bundle parallel to Blumensaat's line)/2 by (AM bundle perpendicular to Blumensaat's line+PL bundle perpendicular to Blumensaat's line)/2)\]. Colombet et al.[@b13-ksrr-30-128] reported that the center of the femoral ACL footprint was placed at 29.35% in an anterior direction and at 36.45% in a distal direction (29.35%×36.45%). Iriuchishima et al.[@b22-ksrr-30-128] reported that the center of the femoral ACL footprint was placed at 23.5%×39%. Forsythe et al.[@b23-ksrr-30-128] reported that the center of the femoral ACL footprint was placed at 28.4%×44.25%. According to Piefer et al.[@b19-ksrr-30-128], the mean center of the ACL footprint was at 28.5%×35.2%. The ACL footprint determined in the current study was placed at 29.5%×38.5%, which was more anterior and distal to that found in previous studies. This location can constitute a new interpretation of the center of the ACL footprint that could aid in anatomical single-bundle ACLR.

In this study, we confirmed that the center of the ACL footprint is located between the resident's ridge, the anterior margin of the ACL, the cartilage margin of the lateral femoral condyle, and the posterior border of the ACL, consistent with previous studies[@b13-ksrr-30-128]--[@b17-ksrr-30-128].

The main limitations of this study were as follows: 1) ACL dissection was performed based on macroscopic evaluation. Notwithstanding meticulous precautions, there was a possibility of human error and bias. 2) We had a relatively small sample size. A larger sample is required to shed light on anatomical variation and accurate ACL anatomy. 3) The ACL footprint was assessed using a two-dimensional technique. The ACL is attached to the bone three-dimensionally; therefore, a three-dimensional technique is required to assess it. 4) A biomechanical study is needed to substantiate the graft strength when the tunnel is formed on the ACL center. 5) We did not perform histologic studies.

Conclusions
===========

This study is a detailed anatomical study on the ACL femoral footprint. The main functional fiber of the ACL was observed as a single bundle. The ACL footprint is positioned at the space formed by the resident's ridge, the cartilage margin of the lateral femoral condyle, and Blumensaat's line. The center of this footprint could serve as a reference point for femoral tunnel formation during anatomical single-bundle ACLR.
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![Gross photo of a 60-year-old female cadaver. (A) Soft tissues and other structures except for the anterior cruciate ligament (ACL) were removed. (B) The ACL was removed from its tibial attachment. (C) Sagittal dissection was performed 1--2 mm medial from the center of the femoral intercondylar notch using an oscillating saw. The ACL main bundle, held with forceps, appeared as a single, flat bundle.](ksrr-30-128f1){#f1-ksrr-30-128}

![The anterior cruciate ligament (ACL) femoral insertion site (yellow dotted line) was observed by moving the ACL in anterior, posterior, proximal, and distal directions. The ACL was pulled anteriorly and distally (A) and posteriorly (B). Blumensaat's line (red dotted line), cartilage of the lateral femoral condyle (black dotted line), and the posterior femoral cortex (green dotted line) are shown.](ksrr-30-128f2){#f2-ksrr-30-128}

![Quadrant method as described by Bernard et al.[@b12-ksrr-30-128]. t: total sagittal distance of the lateral femoral condyle along Blumensaat's line, h: intercondylar notch height, a: distance of the center of the anterior cruciate ligament (ACL) footprint from the deepest subchondral contour, b: distance of the center of the ACL footprint from Blumensaat's line.](ksrr-30-128f3){#f3-ksrr-30-128}

###### 

Average Anterior Cruciate Ligament (ACL) Femoral Footprint Measured Using the Quadrant Method

  Case      a/t          b/h          Age (yr)   Sex
  --------- ------------ ------------ ---------- -----
  1         31.5         41.5         60         F
  2         29           37.7         64         F
  3         33           42           77         M
  4         34.5         43.2         55         F
  5         28.8         35.5         79         M
  6         26.6         34.3         81         F
  7         35           42.6         85         M
  8         26           33.9         60         M
  9         27.5         36.6         58         F
  10        27           32.4         75         F
  11        29.5         39.2         77         F
  12        30.2         40.6         65         F
  13        28.4         38.5         67         M
  14        25           36.5         59         M
  15        31.3         41.5         60         F
  16        28.7         38           86         F
  17        29.5         40.5         82         M
  18        29.5         38.5         70         M
  Average   29.5%±2.8%   38.5%±3.2%   70         

a: distance of the center of the ACL footprint from the deepest subchondral contour, t: total sagittal distance of the lateral femoral condyle along Blumensaat's line, b: distance of the center of the ACL footprint from Blumensaat's line, h: intercondylar notch height.
